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Symbiotic nodule formation on legume roots is characterized with a series of developmental reprograming in root tissues, including extensive proliferation of cortical cells. We examined a possible involvement of the target of rapamycin (TOR) pathway, a central regulator of cell growth and proliferation in animals and yeasts, during soybean nodule development. Our results show that transcription of both GmTOR and its key downstream effector, GmS6K1, are activated during nodulation, which is paralleled with higher kinase activities of these gene products as well. RNAi-mediated knockdown of GmS6K1 impaired the nodule development with severely reduced nodule weight and numbers. In addition, expression of a few nodulins including leghemoglobin was also decreased, and consequently nitrogen fixation was found to be reduced by half. Proteomic analysis of the GmS6K1-RNAi nodules identified glutamine synthetase (GS), an essential enzyme for nitrogen assimilation in nodules, as one of the proteins that are significantly down regulated. These results appear to provide solid evidence for a functional link between GmS6K1 and nodule development.
INTRODUCTION
Leguminous plants form root nodule, a specialized tissue for nitrogen fixation and assimilation through symbiotic interaction with rhizobia. Intermolecular signaling between two symbiotic partners promotes the entry of rhizobia into root cells and the formation of nodule primordia by cell proliferation in root cortex (Oldroyd and Downie, 2008; Oldroyd et al., 2011) . This stage of nodule development is characterized by vast synthesis of membrane lipids to enclose endosymbiotic bacteria and synthesis of proteins including nodule-specific proteins (nodulins) such as leghemoglobins (Ott et al., 2005 ), nodulin-24 (Cheon et al., 1994 ), nodulin-26 (Masalkar et al., 2010 and so on. Successful symbiosis results in the nitrogen fixation and assimilation into ureides in tropical legumes such as soybean.
In eukaryotes, the target of rapamycin (TOR) pathway has been extensively studied to be a central regulator of cell growth, incorporating various signals including nutrients, stress, energy status, hormones, and growth signals (Laplante and Sabatini, 2012; Ma and Blenis, 2009 ). TOR kinase is an atypical serine/threonine protein kinase, and is regulated by tuberous sclerosis (TSC)1/2 and the Ras homolog enriched in brain (Rheb) GTPase which transmit diverse upstream signals. TOR phosphorylates several proteins including S6 Kinase 1 (S6K1) and 4E-BP1, thereby promoting protein synthesis, ribosomal biogenesis and lipogenesis. S6K-deficient mice exhibited a small size phenotype (Pende et al., 2004) , similarly to Drosophila deficient in S6K (Montagne et al., 1999) , suggesting S6K1 as a regulator of cell size. T-DNA insertional mutants of TOR of Arabidopsis resulted in premature arrest of embryo development (Menand et al., 2002) . Arabidopsis S6K (AtS6K1) was shown to be regulated by Raptor1, a TOR regulatory protein, upon osmotic stress (Mahfouz et al., 2006) . Recently, AtS6K1 was suggested to regulate cell division possibly by association with the retinoblastoma-related 1 (RBR1)-E2FB complex (Henriques et al., 2010; Shin et al., 2012) .
Toward better understanding of the coordinated nodule development in legumes, it is critical to understand how cell proliferation and growth in roots is initiated and controlled upon rhizobial infection. In this study, we detected the expression of TOR and S6K1, essential genes for TOR pathway, in root nodules and their biochemical activities as well. RNAi-mediated inhibition of S6K1 resulted in the impaired nitrogen fixation as well as poor nodule development. A few proteins such as glutamate synthetase, a key enzyme to nitrogen assimilatory, were identified to be reduced in S6K1-RNAi nodules by proteomic analysis. These data indicate that TOR signaling may play an important role possibly in early stage of nodule development.
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MATERIALS AND METHODS
Plant materials and growth Soybean (Glycine max cv. Sinpaldal 2) was grown in a growth chamber at 28°C with a photoperoid of 16 h light/8 h dark. For nodulation, three-day-old seedlings grown on moist, absorbent paper were inoculated with rhizobia (Bradyrhizobium japonicum USDA110), transferred to sterilized vermiculites, and further grown for a month.
Real-time RT-PCR cDNAs were synthesized from total RNA with M-MLV Reverse Transcriptase (Promega). Real-time RT-PCR was performed using SYBR Green PCR Master Mix (Takara) and a RotorGene 3000 (Corbett Research) detection system.
Kinase assay
Equal amount of soluble proteins (200 μg) were incubated with 5 to 30 μl of the GST-fusion protein substrate resin at 4°C for 30 min by gentle rotation. A substrate-mediated kinase pull down assay was performed according to the method described in Shin et al. (2012) .
Generation of transgenic root nodules
To make a GmS6K1-RNAi construct, a 250 bp-fragment of GmS6K1 was amplified by PCR with PrimeSTAR Taq DNA polymerase (Takara) using the following primers: primers for GmS6K1-sense, 5′-TATGCTCGAGAGGTTATGCGGAAGGA CAA-3′ and 5′-CATTGGTACCGAGATGGGAAACTGCACAA-3′; primers for GmS6K1-antisense, 5′-GCTATCTAGATTATG CGGAAGGACAAGA-3′ and 5′-TTGAAGCTTGATGGGAAACT GCACAAAC-3′. The amplified fragments were inserted into HindIII/XbaI and XhoI/KpnI sites of pKANNIBAL (Wesley et al., 2001 ). The GmS6K1-RNAi construct was transferred into the binary plasmid pCAMBIA1304 which contained 35S-GUS, and the resulting plasmid was introduced into Agrobacterium rhizogenes (K599) by the freeze-thaw method. Transgenic root nodules containing the GmS6K1-RNAi construct were produced as previously described (Lee et al., 2005) .
Acetylene reduction assay
Ethylenes produced per g (fresh weight) of nodules were determined as previously described (Oh et al., 2001 ).
Two-dimensional electrophoresis (2-DE) analysis
Harvested nodules (800 μg) were dissolved in 350 μl rehydration buffer [7 M urea, 2 M thiourea, 2.5% (w/v) DTT, 4% (w/v) CHAPS and 2% IPG buffer (pH 4-7)] and then loaded onto an immobiline™ dry strip (pH 4-7, 18 cm, GE Healthcare) in a rehydration tray. The IEF was performed on a Multiphor III (GE Healthcare) at 20°C for total of 57 kVh. The 2-D separation was performed on 8-16% (v/v) linear gradient SDS-polyacrylamide gels and then imaged using a GS-710 imaging calibrated densitometer (Bio-Rad).
Identification of proteins by LC-MS/MS
Protein spots were excised from the stained 2-DE gels, destained with destaining solution (25 mM ammonium bicarbonate, 50% acetonitrile), digested with sequencing grade trypsin (Promega), desalted using a GELoader tip (Eppendorf) packed with 1.5 μg of Poros 20 R2 resin (PerSpectiveBiosystems), and applied on the C18 RP-HPLC column (75 um × 150 mm). Agilent 1100 Series LC system (Agilent Technologies) was used to separate tryptic peptides, which were eluted with 0-40% acetonitrile gradient for 60 min. The eluant was analyzed by Finnigan LCQ Deca (ThermoQuest) equipped with a nanoelectrospray ion source.
RESULTS AND DISCUSSION
High expression of TOR signaling components during soybean nodulation As nodule development in legumes is accompanied with extensive cortical cell proliferation and cell expansion in response to rhizobial signaling and infection into root tissues, we explored possibility of TOR signaling pathway contributing to soybean nodule development, in a similar fashion to what has been observed in animals and yeast, coordinating cellular growth and metabolism after integrating various external environmental cues (Laplante and Sabatini, 2012) . Blast searches of the soybean genome database, Phytozome (http://www.phytozome. net/soybean.php), for conserved sequences of TOR kinase and its key downstream effectors ribosomal S6 kinase (S6K1) and ribosomal protein S6 (RPS6) identified several soybean orthologs; 2 paralogs of GmTOR kinase, which we tentatively named GmTORa and GmTORb, 3 paralogs of GmS6K1 as GmS6K1a to -c, and 6 paralogs of GmRPS6 as GmRPS6a to -f (Supplementary Figs. 1-3 ). Real time RT-PCR showed that both GmTORs and GmS6K1s were induced in 7-day-old nodules by about 6 and 8 folds, respectively, though our primer design did not allow to distinguish which particular paralogs were upregulated (Fig. 1) . By contrast, expression of GmRPS6s remained relatively constant, at slightly higher level than in root tissue, throughout the entire stages of nodule development. Thus far, the only other occasion where an active TOR transcription was detected was in Arabidopsis meristem (Menand et al., 2002) . While it is not known if TOR kinase is involved in controlling cell proliferation in plants as well, let alone how it is being orchestrated, this strong induction of GmTORs and GmS6K1s obtained in our result suggests that function of TOR pathway may be required for soybean root nodules development although no information is available at present on how the cell proliferation during nodulation is connected to cellular signaling such as TOR pathway. S6K1 has been known as a central regulator of cell and body size in animals (Arsham and Neufeld, 2006) and with recent reports of S6K1 being involved in the control of cell size in plants (Henriques et al., 2010; Montagne et al., 1999) , it is highly likely that GmS6K1s play a critical role in nodule growth.
Increasing S6K1 activity during nodule development In order to make certain that the elevated expression of GmTORs and GmS6K1s during nodulation actually corresponds to higher activities of these kinases, the substrate-mediated kinase pull down (Shin et al., 2012) was employed to detect their kinase activities at three different stages of the nodule development from which the transcription analyses of GmTORs and GmS6K1s were performed. A carboxy-terminal region of RPS6 has been shown to be phosphorylated by S6K1 in animal cells (Krieg et al., 1988; Radimerski et al., 2000) as well as in plant (Williams et al., 2003) . In addition, the GFP-S6K1 was shown to be able to phosphorylate a carboxy-terminal region of Arabidopsis RPS6 (a.a. 150-249; AtRPS6-CT) (Mahfouz et al., 2006) . The AtRPS6-CT was used as a substrate for the pull down and kinase reaction of the GmS6K1s because the overall amino acids sequence of AtRPS6 is more than 95% identical to those of GmRPS6s with highly conserved C-terminal phosphorylation motif shared among them (Supplementary Fig. 3 ). It has been demonstrated
